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Details of the Experimental Apparatus and Procedures
We conducted high-velocity friction experiments using a rotary-shear, low-to high-velocity friction apparatus at Hiroshima University (HDR apparatus; Togo and Shimamoto, 2012 ) and a high-velocity friction apparatus at Kochi Institute for Core Sample Research/JAMSTEC (HVR apparatus; Shimamoto and Tsutsumi, 1994; Hirose and Shimamoto, 2005) . Both apparatuses were equipped with a small specimen chamber/vessel to contain a gas around the sample (Fig. DR1 ). For the HDR apparatus, rubber O-rings were placed at the top and bottom of the acrylic chamber to prevent gas leakage and inflow of air. Before the experiments, we evacuated the chamber and recharged it with N 2 gas three times, and then charged it with a selected gas (N 2 or H 2 ).
We confirmed that the relative humidity in the vessel was less than 2%, the detection limit of the sensor, during the experiments. The measured torque supported by the O-rings was less than 0.05 Nm, corresponding to a shear stress of ∼0.01 MPa. For the experiments with the HVR apparatus, the O-ring was removed from the pressure vessel to detect emitted CH 4 gas from the sliding surface, because CH 4 gas was also released from the dynamic O-ring as a result of abrasion during experiments. Therefore, CH 4 gas (as well as the other gases) diffused from the vessel into the chamber, meaning that we were unable to determine the concentration of gas accurately in this study. However, we were able to examine whether CH 4 gas was generated from the sliding surface during shearing. We also sealed the specimen chamber in which the vessel and holder were placed ( Fig DR1B) with an acrylic plate to keep the anoxic atmosphere around specimens during the experiments. We flowed N 2 gas through the vessel (and the chamber) for five minutes to remove air, and then charged the vessel with N 2 or H 2 gas before a run. The sealing of the acrylic plate was sufficient to constrain O 2 concentration in the vessel and chamber to less than 2% both before and during the experiment.
Because the slip rate increases from the center to the periphery of the cylindrical specimens, we used the equivalent slip rate, V e , defined such that τV e S gives the rate of total frictional work on a fault with area S, assuming a constant shear stress τ over the fault surface (Shimamoto and Tsutsumi, 1994) . For convenience, we refer to "equivalent slip rate" as simply "slip rate" or "velocity" in the main text. Figure DR1 . A: Photograph of the acrylic chamber and specimen holder of the HDR apparatus. The lower specimen is moved up to contact the simulated fault surface and then the chamber is pulled down to supply gas around the specimens. B: Photograph of the metal pressure vessel and specimen holder of the HVR apparatus, with diagrams showing the gas supply system and a gas chromatograph (see also figure S2 in Hirose et al., 2011) . The vessel and holder were placed in the specimen chamber, which was also sealed with an acrylic plate (see appendix 1 in Sato et al., 2009 ).
Details of the Peak Decomposition Methods of Raman Spectra
We conducted peak decomposition of observed Raman spectra using the commercial software Igor Pro 6.22 (WaveMetrics Inc.) with Gaussian and Lorentzian functions. Because the spectra of the blackish gouge show characteristics of low-grade (amorphous-like) CM rather than those of high-grade (crystallized) CM, we used the peak decomposition method proposed by Kouketsu et al. (2013) for analyzing low-grade CM and obtained the results shown in the lower part of Figure 3B . Before the peak decomposition, the spectrum was corrected for the fluorescence background by subtracting a linear baseline in the spectral range of 900-1900 cm 1 . The Raman spectra of intermediate-to high-grade CM usually contain G (graphite) band at ~1580 cm 1 , associated with the E 2 g 2 vibration mode of ideal graphitic lattice. However, the peak at around 1600 cm 1 could not be separated into D2 and G bands in all cases, and the latter is vanishingly small if it even exists. We therefore treat the peak at around 1600 cm 1 as a single peak (D2 band) in the present study. 
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